In this study, an electrochemical sensor for the simultaneous detection of hydroquinone (HQ) and catechol (CC) was fabricated on glassy carbon electrode (GCE) modified with graphene quantum dots (GQDs). The prepared GQDs were characterized by transmission electron microscope and fourier transform infrared spectroscopy. The GQDs/GCE, which prepared by electrodeposition method, and characterized by electrochemical impedance spectra, exhibited excellent electrochemical catalysis and conductive properties for HQ and CC. Owing to the high electroactive surface area, good electrocatalytic activity and low charge transfer resistance of GQDs, HQ and CC can be easily measured simultaneously for the large separation of oxidation peak potentials (113 mV) and do not interfere with each other. Under the optimal experimental condition, the oxidation peak currents were linear to HQ/CC in the range from 0.5 µM to 100 µM with the same low detection limits of 0.08 µM (S/N=3). Simultaneous determination of HQ and CC with such electrode was conducted in river water samples with reliable recovery between 97.90% and 103.9%.
INTRODUCTION
Hydroquinone (1, 4-dihydroxybenzene, HQ) and catechol (1, 2-dihydroxybenzene, CC), as two isomers of dihydroxybenzene, are often used in key industrial raw materials, synthetic intermediates and some chemicals, such as plastics, rubber, medicine and so on [1] . Even in a very low concentration of HQ and CC are extremely toxic to environment and humans. Because of difficult to degrade, they are the major problem and cause for the environment pollution [2, 3] . In addition, since HQ and CC have similar structures and properties, they usually coexist when they are synthesized and used. Therefore, the development of an easy, facile, sensitive and accurate method for simultaneous determination of dihydroxybenzene isomers analysis is crucial [4] [5] [6] . Various methods have been developed by means of high-performance liquid chromatography (HPLC) [7] , synchronous fluorescence [8] , chemiluminescence [9, 10] , spectrophotometry [11] , capillary electrophoresis [12] , electrochemical methods [13] [14] [15] , and pH based-flow injection analysis [16] . Compared with other analytical methods, electrochemical methods have attracted a great deal of interest from researchers due to its unique high sensitivity and ease of operation, as well as its advantages of rapid detection and low instrument maintenance costs. However, a major problem is that the electrochemical oxidation of dihydroxybenzene isomers located at high overpotentials and their oxidation peaks are seriously overlapped using conventional electrodes. In recent years, some researchers have used novel materials modified on the surface of GCE to increase the separation of peaks potential of these two isomers and increase the redox current value [17, 18] . For example, Lu et al. [18] reported that the prepared MIL-101(Cr)-rGO to modify carbon paste electrode for the quantitatively detection of HQ and CC.
Among carbon materials, graphene quantum dots (GQDs) are graphene nanosheets with a threedimensional scale of less than 100 nanometers, and they have also been studied recently for new types of carbon materials [19] . GQDs, which synthesized by a relatively simple synthetic method, exhibits the advantages of good conductivity and fast electron transfer, and can be well compatible with organisms and low in toxicity in cells [20, 21] . Furthermore, GQDs contain many functional groups, such as hydroxyl, carbonyl and carboxylic acid groups [22] . Some researchers have reported that GQDs has potential applications in the field of battery electrode materials and efficient catalysts [23] [24] [25] . Due to the excellent electronic properties and zero-dimensional spatial structure of GQDs, some researchers modified it as a modifying material to the electrode surface to improve the electrode performance [26] [27] [28] . Our group have used GQDs modified electrode to determine dopamine with high sensitivity [27] . Wang et al. used GQDs and silver nanoparticles modified GCE for simultaneous determination of guanine and adenine [28] . Therefore, GQDs have the potential to be used as excellent materials to modify electrodes for electrochemical platform. However, to our knowledge, there are no reports on employing GQDs as an electrode sensing material towards HQ and CC.
In this study, we have made full use of the advantages of GQDs, such as electron transport properties and electrocatalytic performance. The GQDs were electrodeposited onto the GCE surface as an electrochemical sensor for simutaneous determination of HQ and CC. The GQDs modified electrode exhibited high electrocatalytic activity towards HQ and CC with the separated oxidation peak potential of 113 mV. The prepared modified electrode revealed high sensitivity, reliability and reproducibility in the electrochemical measurement, achieving the detection limit down to 0.08 μM.
MATERIALS AND METHODS

Materials
HQ and CC were supplied by Aladdin (China) and were stored at 4 ℃ in dark. The stock solutions of 1.0 × 10 −3 M HQ and 1.0 × 10 −3 M CC was prepared in double distilled water. Citric acid (CA) and glucose were received from Sigma-Aldrich (USA). Phosphate buffer solution (PBS, 0.1 M) was prepared by mixing the stock solution of standard 0.1 M NaH2PO4 and 0.1 M Na2HPO4 solutions and adjusting the pH with H3PO4 or NaOH. All chemicals are analytical grade without any further purification. The double distilled water (resistivity > 18 MΩ cm) was used throughout the studies.
Apparatus
The electrochemical experiments (cyclic voltammetry and differential pulse voltammetry) were done on CHI660E electrochemical workstation (Shanghai ChenHua Instruments Corporation, China) with a three-electrode cell. A bare GCE or the GQDs modified GCE was used as a working electrode. The platinum wire electrode was employed as auxiliary electrode and reference electrode was a saturated calomel electrode (SCE). Electrochemical impedance spectroscopy (EIS) experiments were done on Princeton PARSTAT 4000 between 0.1 Hz and 10 kHz at 0.25 V. All the redox potentials of analytes were recorded versus the SCE at ambient temperature. The morphology and size of the synthesis GQDs was observed by transmission electron microscope (TEM) (JEM 2100, Tokyo, Japan) with an acceleration voltage of 200 kV. Fourier transform infrared spectroscopy (FT-IR) in the range of 4000-500 cm −1 was performed on a Thermo Fisher FT-IR spectrometer.
Synthesis of GQDs
The GQDs were prepared via the bottom-up pyrolysis method [29] . In brief, 2 g CA was placed in a 100 mL round bottom flask and then heated to 200 ℃for 30 min in an oil bath. The color of the liquid changed from colorless to orange, implying the formation of GQDs. And then, this orange liquid was dissolved by dropwise addition of 10 mg·mL -1 NaOH solution with vigorous stirring until the pH of the solution up to 8.0. Lastly, the GQDs were dialyzed for 36 h with the dialysis bags (retained molecular weight: 3500 Da), and after vacuum freeze dry, the GQDs were stored at 4 ℃ in a refrigerator.
Electrode Preparation
Before the modification, the GCE were carefully polished to mirror-like with 0.05 mm alumina slurry, rinsed thoroughly with double distilled water and then treated with HNO3 (1:1), ethanol, double distilled water in sequence. The surface of GCE was dried with nitrogen. Electrodeposition of GQDs at the surface of bare GCE was carried out by using cyclic voltammetric method in aqueous solution containing 2 mg·mL -1 GQDs solution in 0.1 M PBS of pH 7.0. The electrodeposition was achieved by the formation of a film that grew between −1.5 V to +2.0 V at the scan rate of 100 mV s −1 for 18 cycles. After this the electrode was rinsed thoroughly with double distilled water.
RESULTS AND DISCUSSION
Characterization of GQDs
Fig .1 shows the TEM image of GQDs. These spherical nanoparticles have a size between 3 nm and 18 nm, and the average sizes of the GQDs about 10 nm. As show in Fig. 2 , FTIR can also be used to characterize the structural information of GQDs. The GQDs exhibited strong absorption of stretching vibration of C=O at 1640 cm -1 , stretching vibration of C-H at 1355 cm -1 and C-OH at 1120 cm -1 , which indicated the GQDs may contain carboxyl. Furthermore, the GQDs showed absorption of stretching vibration O-H at 3444 cm −1 , indicating that GQDs contain hydroxyl groups [30] . These results further confirmed that the GQDs have been successfully prepared. 
Electrochemical characterization of the GQDs/GCE
EIS is an effective method to probe the change of interface properties of electrode surface. The EIS of different electrodes measured with a frequency ranging from 0.1 to 100 kHz in 0.1 M KCl electrolyte solution including 5 mM Fe(CN)6 4−/3− . As shown in Fig. 3 , the nyquist curves consist of a semicircular section and a linear section. The semicircular portion corresponds to the charge transfer resistance Rct. The Randles equivalence circuit (Fig. 3 inset) includes the electrolyte resistance (Rs), Warburg impedance (Zw), charge transfer resistance (Rct) and double layer capacitance (Cdl). Fig. 3 shows that the GQDs/GCE has a smaller semicircle diameter, and the impedance of the modified electrode was significantly reduced, indicating that GQDs modified on the surface of GCE could obviously decrease the interfacial electron transfer resistance between solution and electrode. This should be mainly attributed to the excellent electrochemical performance of GQDs, which provides a larger effective 3-/4-containing 0.1 M KCl [27] : bare GCE (a) and GQDs/GCE (b), inset: the equivalent circuit
Electrochemical behaviors of HQ and CC on the GQDs/GCE
The electrochemical behaviors of HQ and CC were carefully explored at the GQDs/GCE and bare GCE in 0.1 M PBS (pH 6.5) by CV. Fig. 4A and B shows the CV curves of 0.1 mM HQ and 0.1 mM CC at the different electrodes, respectively. The redox peaks potentials of HQ and CC on GCE (curve b) were 0.283V/-0.070V and 0.359V/0.046V. The potential differences between anodic and cathodic peaks (∆Ep) were determined to be 353 mV and 313 mV. However, when GQDs was modified on the surface of the electrode, ∆Ep (curve a) of HQ and CC decreased to 40 mV and 38 mV, respectively. Meanwhile, a pair of more apparent redox peak currents of 0.1 mM HQ were detected on GQDs/GCE (Fig. 4A , curve a) compared to than those at bare GCE (Fig. 4A, curve b) . Similarly, Fig. 4B revealed that redox peak currents of 0.1 mM CC were larger than those at bare GCE. Fig. 4C shows the CVs recorded for the mixture of HQ and CC at the different electrodes. It can be clearly observed that the redox peaks of HQ and CC were completely unrecognizable on the GCE, whereas two pairs of distinctly well-separated redox peaks were obtained at the GQDs/GCE, the anodic peak potentials (Epa) between HQ (91 mV) and CC (204 mV) were separate with the Epa value of 113 mV, which was larger than that of most literatures [31, 32] . This result suggested that the two phenolic isomers have independent electrochemical response and simultaneous determination on the GQDs/GCE. The superior electrochemical response of HQ and CC on the GQDs/GCE may attribute to high electroactive surface area, good electrocatalytic activity and low charge transfer resistance of GQDs. 
Effect of pH value
The influence of pH values (varying from 4.5 to 8.0) on the determination of HQ (0.1 mM) and CC (0.1 mM) in mixed solution was studied on the GQDs/GCE by CV, and the results are shown in Fig. 5 . Fig. 5A and 5B exhibited that Ipa of HQ and CC slowly increased with increasing pH from 4.5 to 6.5, and then decreased with the increasing of the pH value from 6.5 to 8.0. It may be due to the lack of protons in the solution when the pH was high, which affected the electrochemical reaction. Thus pH 6.5 was chosen as the optimum pH value in order to achieve high sensitivity in subsequent experiment. In addition, Fig. 5B indicates that the relationship between pH and the anodic peak potential. The anodic peak potentials of HQ and CC shifted to more negative with the increase of pH from 4.5 to 8.0. The relations between the peak potential and pH for HQ and CC were expressed as follows:
Epa (mV) = 0.4699-0.0586 pH (R = 0.997, HQ) Epa (mV) = 0.5109-0.0565 pH (R = 0.997, CC) The two regression lines (Epa vs. pH) for HQ and CC were almost parallel, indicating that the peak to peak separation was constant between HQ and CC at different pH [14] . Meanwhile, the slope values of each pH unit (58.6 mV and 56.5 mV) were close to the theoretical value of 59 mV per unit of pH, suggesting that the electrochemical processes of HQ and CC on the GQDs/GCE have an equal number of electrons and protons transfer, consistent with the previous reports [33, 34] . Facilitation of charge transport of HQ or CC molecules by the GQDs/GCE was schematically shown in Scheme 1: 
Effect of electrodeposition cycle
It is well known that the thickness of the film is directly related to the number of potential cycles during electrodeposition [36] . The effect of different cycle number of the GQDs in preparation the GQDs/GCE was investigated by the CVs in presence of CC and HQ. Fig. 7 displays the relationship between oxidative peak current and deposition cycle number of GQDs ranging from 5 to 30. Obviously, the oxidative peak current of the two isomers increased with the increasing electrodeposition cycle until the cycle number reached 18. When the cycle of deposition was over 18, the current was slightly decreased. It may be associated with the thickness of GQDs film related to the obstruction of electron transfer on the electrode surface [37] . Thus, cycle number of eighteen was selected as the optimal cycle number in the following experiments. 
Simultaneous determination of HQ and CC
Under the optimal conditions, the simultaneous determination of CC and HQ on the GQDs/GCE was carried out by DPV in 0.1M PBS (pH 6.5). When the concentration of one species changed, the other species was remained constant. Fig. 8A shows the DPV response curves of HQ with different concentrations when the concentration of CC was kept constant (50 μM). From the inset of Fig. 8A , the oxidation peak current of HQ was linear with its concentration in the range of 0.5-100 μM. The regression equation was Ip (µA)= -0.0322+0.1017 C (µM, R =0.999), the detection limit (LOD) for HQ was estimated to be 0.08 μM (S/N = 3). Similarly as shown in Fig. 8B , kept the concentration of HQ constant as 50 μM, the oxidation peak current was proportional to the concentration of CC from 0.5 μM to 100 μM, and the LOD was 0.08 μM (S/N = 3). The regression equation was Ipa (μA) = 0.0351 + 0.0925C (µM, R =0.997).
DPV curves of HQ and CC in the mixture solution by simultaneously changing their concentrations are shown in Fig. 8C . Two well-defined oxidation peaks appeared and the separation of the oxidation peak potentials of HQ and CC was got as 113 mV. The oxidation peak currents (Ipa) of HQ and CC increased linearly with their concentrations from 0.5 μM to 100 μM. The regression equations were Ipa (μA) = 0.0034 + 0.0923 C (µM, R = 0.999, HQ) and Ipa (μA) = 0.0193 + 0.1032 C (µM, R = 0.999, CC), respectively. It can be seen that the presence of isomer did not interfere with the electrochemical detection of another compound, indicating that the GQDs/GCE exhibited good distinguish ability for HQ or CC detection. Compare to the proposed reports (shown in Table 1 ), this proposed modified electrode for simultaneous detection HQ and CC have a comparable detection limit and acceptable linear dynamic range. Therefore, the GQDs/GCE can also be used for the determination of the dihydroxy benzene isomers either individually or simultaneously. 
Reproducibility, stability and selectivity of the GQDs/GCE
Through the use of five independently prepared modified electrodes under the same conditions to explore the reproducibility, the response of a mixed solution of 0.1 mM HQ and 0.1 mM CC was measured. The experiments showed that the relative standard deviation (RSD) of HQ and CC were 2.47% and 1.57%, respectively, indicating that the GQDs/GCE had a good reproducibility. Taking into account the electrode stability have an impact on the detection sensitivity, the modified electrode was stored at 4 °C for 2 weeks, the peak current remain 95 % of their initial values. This revealed the good stability and reproducibility of the GQDs/GCE.
The interference of some common ions and other organic compounds was detected in 0.1M PBS (pH 6.5) with 50 μM HQ and CC. 2-and 100 times the dopamine did not interfere with the test (the change of signal was less than 5%). In addition, 5 times phenol, resorcinol and nitrophenol had no obvious effect on the determination, indicating that the GQDs/GCE had high selectivity and antiinterference ability.
Analytical applications
In order to judge of the practicability of the proposed detection method, the GQDs/GCE was used for simultaneous determination of HQ and CC in the local river (Huai River, Bengbu, China). A mixture of CC and HQ was added to samples of river water, then the amounts of HQ and CC in the real sample were determined by calibration method and the results are shown in Table 2 . The recoveries ranged from 97.90 to 102.1% for HQ, and CC ranged from 98.94 to 103.9%. The prepared GQDs/GCE can be available to carry out for the direct simultaneous determination of HQ and CC. 
CONCLUSION
In summary, GQDs were synthesized and used as a special sensing material modified on glassy carbon electrode for simultaneous determination of HQ and CC. Due to the excellent electrochemical catalysis and high electroactive surface area of GQDs, the GQDs modified electrode had low detection limits, wide linear range, good repeatability, and good long-term stability. This method was suitable for the direct determination of HQ and CC in river water with satisfactory recovery results. Thus, a sensitive and selective electroanalytical method was developed for the discrimination and measurement of HQ and CC, which hold great potential for electrochemical sensing.
